H uman serum transferrin (hTF) is an 80-kDa bilobal glycoprotein synthesized by hepatocytes and secreted into the serum where it binds iron acquired from the diet (1) . Ferric iron (Fe 3þ ) is held extremely tightly within one or both of the homologous N and C lobes that comprise hTF for transport to cells throughout the body (2) . Each lobe is composed of two subdomains (N1, N2 and C1, C2), forming a cleft within which the hexa-coordinate Fe 3þ is bound to four amino acid ligands: one histidine, one aspartate, and two tyrosine residues. A synergistic anion, carbonate, anchored by a conserved arginine residue occupies the two remaining coordination sites in each lobe. Large-scale rigid body movements (approximately 50°) of the subdomains are observed when each cleft opens and iron is released (3, 4) .
Understanding the acquisition, distribution, and regulation of iron has been an active and important area of research for many years, as indicated by numerous excellent reviews (1, (5) (6) (7) (8) . The redox properties of the Fe 3þ ∕Fe 2þ pair are indispensable to the physiological functions of both electron and oxygen transport. In the absence of hTF, Fe 3þ is highly insoluble and readily hydrolyzed; reduction to Fe 2þ can produce reactive oxygen species via the Fenton reaction.
Crucial to efficient Fe 3þ delivery to cells is a TF specific homodimeric receptor, TFR, which binds two hTF molecules (9, 10) . A type II transmembrane glycoprotein, full-length TFR is comprised of a short N-terminal intracellular region (residues 1-67) containing an endocytosis motif (YXRF), a transmembrane region (residues 68-88), and a stalk (residues 89-120) that connects to the large hTF binding ectodomain (121-760) (11) . Although the stalk contains two disulfide bonds covalently linking the monomers, the TFR homodimer forms even in the absence of the stalk region. The 3.2-Å crystal structure of the TFR ectodomain revealed three distinct domains per monomer: the protease-like domain (domain I, 121-188 and 384-606), the apical domain (domain II, 189-383), and the helical domain (domain III, 607-760) (12) .
In normal plasma, hTF is only approximately 30% iron saturated with a distribution of approximately 27% diferric hTF (Fe 2 hTF), 23% monoferric N (Fe N hTF), 11% monoferric C (Fe C hTF), and 40% apohTF (13) . Fe 2 hTF preferentially binds with nM affinity to the TFR at neutral pH, whereas hTF without iron (apohTF) binds poorly at this pH (6) . The two monoferric species bind with a similar intermediate affinity demonstrating that each iron-containing lobe in the context of full-length hTF contributes equally to the binding isotherm (14, 15) . Thus it is possible to prepare stable complexes of either monoferric hTF species bound to the TFR that are physiologically relevant.
Iron within each lobe of hTF is transported into cells by receptor-mediated endocytosis in which lower pH approximately 5.6, the participation of the TFR, and an unidentified chelator within the endosome orchestrate the efficient and balanced release of iron from each lobe of hTF (16) (17) (18) (19) . Prior to exiting the endosome via the divalent metal transporter 1, Fe 3þ must be reduced to Fe 2þ . The ferrireductase Steap3 may be involved in this process (20) . Crucial to the recycling of hTF, after iron is released, apohTF remains bound to the TFR at the lower pH within the endosome and returns to the cell surface where it dissociates [or is displaced by Fe 2 hTF (21)].
Although the structure of apohTF has been determined (4), and despite tremendous effort, a crystal structure of Fe 2 hTF has been surprisingly elusive. Likewise, the hTF/TFR complex has evaded all efforts at crystallization, though the structures of TFR alone (12) , TFR complexed with the HFE protein (22) , and TFR complexed with a portion (GP1) of the Machupo virus (23) have been reported. In 2004, a 7.5-Å cryo-EM model of the hTF/TFR complex provided important insights into the molecular association of hTF and TFR (24) . The validity of this model has been tested by mutagenesis studies; the contributions of specific residues in both hTF and the TFR to the binding isotherm have been measured by surface plasmon resonance (SPR) or isothermal titration calorimetry, as well as by cell binding studies (25) .
Here, we report the crystal structure of an hTF∕TFR complex at a resolution of 3.22 Å. The improved resolution of the present structure reveals a number of unique features of the hTF∕TFR interaction that have a direct impact on function and highlight the Author contributions: B.E.E. and A.B.M. designed research; B.E.E., A.N.S., and S.J.E. performed research; B.E.E., N.D.C., and A.B.M. analyzed data; and B.E.E., A.N.S., N.D.C., S.J.E., and A.B.M. wrote the paper.
unique receptor-mediated mechanisms of iron release from each lobe. Our structure provides previously undescribed targets for future studies to advance understanding of how the interaction between hTF and the TFR promotes iron release in a physiologically relevant time frame.
Results
Overview of Structure. The asymmetric unit contains two TFR subunits (chains A and B) and two Fe N hTF molecules (chains C and D), which represent two half-biological units. Each unit forms an independent biological assembly across a crystallographic twofold axis, such that chains A and C associate with a symmetry-related A sym and C sym ( Fig. 1 and Fig. S1 symmetry molecules designated A′ or C′). Likewise, chain B and chain D form a separate biological assembly with a symmetry mate DB-B sym D sym (B′ or D′). The final model of Fe N hTF in the complex is comprised of the N1, N2, and C1 subdomains. Unfortunately, insufficient electron density precluded placement of the C2 subdomain in the model. Each TFR monomer contained residues 121-758 with three N-linked glycans at Asn251, 317, and 727, each fit with a single N-acetylglucosamine moiety.
Extensive contacts between the two TFR monomers form the noncovalent dimer burying significant surface area (approximately 3;200 Å 2 ), with the helical domains from each monomer contributing substantially to this interaction. The surface area buried at the hTF/TFR interface (approximately 1;330 Å 2 ) is less than half of the TFR dimer interface; the C lobe contributes approximately 60% and the N lobe contributes approximately 40% to this interface. Binding of Fe N hTF to the TFR involves three primary interaction motifs. The regions of the N1 and N2 subdomains that contact the TFR (helical and protease-like domains, respectively) are located on either side of the hinge region of the N lobe. The C lobe of hTF only contacts the TFR (helical domain) through the C1 subdomain. Significantly, there is no experimental evidence to support the involvement of the C2 subdomain in binding to the TFR.
hTF N1-TFR Motif. The N1/TFR interface accounts for approximately 57% of the total contact surface area between the N lobe and TFR. The contacts of this motif are more extensive than suggested by the cryo-EM model. Nonadjacent residues Arg50 in helix α-2, Tyr68 and Tyr71 both in helix α-3, as well as Ala73 and Asn75 in a loop (residues 72-76) within the N1 subdomain of hTF are in contact with three residues in the helical domain of the TFR [Gly661 and Asn662 in αIII-3, and Glu664 in the αIII-3/ αIII-4 loop (residues 663-667)] (Table S1 and Fig. 2A ). Arg50 in hTF (not identified in the cryo-EM model) likely forms a salt bridge with Glu664. Tyr68 and Tyr71 from hTF hydrogen bond with Gly661 and Asn662 in the TFR. The backbone oxygen of Ala73 engages in a hydrogen bond with the backbone nitrogen of Glu664, whereas the nitrogen of Ala73 interacts with the backbone oxygen of Asn662 of the TFR. There is no clear pattern of conservation of the residues in this motif (4) that accounts for the specificity of the interaction between the N1 subdomain of hTF and the TFR. We suggest that the requirement for specific residues is somewhat obviated by the presence of backbone interactions. This is consistent with the observation that mutation of either TFR residue Asn662 or Glu664 did not significantly affect binding of Fe 2 hTF or apohTF to the TFR as measured by SPR (25) .
hTF N2-TFR Motif. Two loops in the N2 subdomain of hTF interact with the N-terminal region of the TFR ectodomain and account for approximately 43% of the N lobe/TFR interface (Table S1 and Fig. 2B ). Van der Waals and hydrophobic interactions occur between two proline residues (142 and 145) in the first loop of hTF (139-145) and Asp125 and Tyr123 in the TFR, respectively. Two residues in the second hTF loop (154-167), Asp166 and Phe167, also contact Tyr123 in the TFR. The side chain of Asp166 may hydrogen bond with both the backbone nitrogen of TFR Arg121 and the side chain OH of Tyr123 in the TFR. Asp166 and Phe167 were not predicted to interact with the TFR in the cryo-EM model. The importance of three of the four residues in the first loop (142-145, referred to as the PRKP loop) in the binding of the N2 subdomain has been unequivocally established (15) and is further Fig. 1 . Structure of the Fe N hTF∕TFR complex. The biological TFR homodimer (TFR-TFR′, A-A′) with two Fe N hTF (Fe N hTF and Fe N hTF 0 , C-C 0 ) molecules bound is shown oriented with the cell surface at the bottom. The TFR homodimer is colored according to the domains: The apical domain is blue, the proteaselike domain is green, and the two monomers of the helical domain are brown and tan. The Ca 2þ bound within the apical domain of each TFR monomer is shown in yellow. The Fe N hTF molecules are colored according to subdomain: N1 is gray, N2 is black, and C1 is purple. The bridge between the two lobes is cyan. The Fe 3þ bound within each N lobe of hTF is shown in red. All figures were prepared using Pymol (43). Table S1 ). (A) Fe N hTF residues involved in the N1 interaction motif (gray). Arg50, Tyr68, Tyr71, Ala73, and Asn75 within the N1 subdomain of hTF are close to three residues in the helical domain of the TFR (Gly661, Asn662, and Glu664). Residues Leu72 and Pro74, although involved in the N1 interaction motif, have been omitted for clarity. (B) Fe N hTF residues involved in the N2 interaction motif (black). The space filling representation of the N2 motif emphasizes that the predominant mode of interaction is van der Waals compared with the H-bonding network for the N1 motif.
supported by sequence alignments. The conservation of this region of hTF correlates with the ability of a given TF to specifically bind to the human TFR (4) . Importantly, the N2 motif appears to lack ionic bonds and has the fewest contacts making it relatively weak in comparison to the N1 and C1 motifs.
hTF C1-TFR Motif. Because of conformational changes in the TFR as a result of hTF binding, this motif differs in a number of respects from the cryo-EM model. Specifically, the predicted network of four salt bridges does not exist. However, as predicted, there are multiple contacts including extensive interactions between helix α-1, strand β-2, and a loop in the C1 subdomain of hTF and the helical domain of the TFR, including αIII-2 and αIII-3, as well as the C-terminal region (Table S1 and Figs. 3A and 4A) . In contrast to the antiparallel helical interactions between αIII-1 and αIII-3 of the TFR with HFE, helix α-1 and strand β-2 from the C1 subdomain of hTF lie perpendicular to these TFR helices (Fig. 3B) . Van der Waals, side chain to backbone, and side chain to side chain interactions all make significant contributions to the binding of the C1 motif. Among the side chain interactions is a single salt bridge formed between Arg651 of the TFR, previously shown to be critical for binding of either Fe 2 hTF or apohTF (25) , and the highly conserved Asp356 of hTF (Fig. 3A) . The backbone oxygen of hTF Cys368, residing in strand β-2, also lies within hydrogen bonding distance of the ϵ nitrogen of Arg651. Arg646 in the TFR is within 5.5 Å of the backbone carbonyl of hTF residues 356, 359, and 366 as well as 3.4 Å from the γ-oxygen of Ser359. We note that Arg646 in the TFR resides in the canonical RGD (Arg646, Gly647, and Asp648) sequence previously shown to be critical to hTF binding (26) . No obvious interactions with hTF and TFR residues Gly647 or Asp648 are observed in our structure. Similar to the N1 motif, the side chain to backbone and van der Waals interactions may account for the limited conservation of C1 motif residues among TFs (4).
Kinetics of Iron Release. His349 in hTF (Fig. 4) , identified as a pH-inducible switch responsible for iron release from the C lobe in the presence of the TFR (27, 28) , forms the N-terminal cap of hTF helix α-1. At pH 7.5, His349 interacts through both hydrogen bonds and van der Waals interactions with at least two residues in the C-terminal portion of the TFR including Asp757 and Asn758. Although the weak density for the terminal Phe760 precludes its inclusion in the model, it could also potentially interact with His349. Intriguingly, His349 in our structure of the Fe N hTF∕TFR complex is situated at the convergence of structural elements from the two TFR monomers discussed below (Fig. 4A ) and is shifted 5 Å (approximately one helical turn) from its position in the cryo-EM model of Fe 2 hTF∕TFR (Fig. 4B) .
The effect of substituting His349 in the C lobe has been further evaluated by determining rate constants for iron release from the H349A mutant in the Fe 2 hTF∕TFR complex by monitoring changes in the intrinsic tryptophan fluorescence of hTF. Previous kinetic studies were carried out in a Fe C hTF background (28) . Significantly, iron release from this H349A Fe 2 hTF∕TFR complex is preceded by a conformational change with k ¼ 23.7 AE 4.6 min −1 . The iron release rate constants are k 1N ¼ 6.7 AE 0.3 min −1 for the N lobe and k 2C ¼ 0.61 AE 0.02 min −1 for the C lobe (Fig. S2 ).
Conformational Changes in the TFR as a Result of hTF Binding. The binding of hTF results in the translation of the apical and protease-like domains of the TFR and the reorientation of the monomers within the homodimer. These changes are revealed by superimposing a TFR monomer from the HFE/TFR (PDB ID code 1DE4) and TFR alone (PDB ID code 1CX8) structures on our Fe N hTF∕TFR structure. The calculated changes in the mean rms show the effect of reorientation at the dimer interface in a ligand-dependent manner (Fig. 5, Inset) . Site-specific changes per residue within a TFR subunit are highlighted by a positional comparison (Fig. 5 ). The TFR in the Fe N hTF complex is very similar to the TFR in the HFE complex (black line), but varies considerably in comparison to the unliganded TFR (red line).
The most dramatic change in the TFR structure as a result of hTF binding is observed in the loop containing one of three glycosylation sites, Asn317 (Fig. 5 , designated as TFR-TFR′ + C1 motif). Specifically, the helical domain and C terminus from one TFR monomer interacts with the loop containing the glycosylated Asn317 from the other TFR monomer, as well as with His318 (Table S2 ). Phe316 is shifted by 8 Å and His318 flips, bringing it to within 5 Å of the C terminus of the other TFR monomer (in comparison to a distance of 17.5 Å in unliganded TFR) (Fig. 4) . Although the interaction between nearby Gln320 and Ser638 is unchanged, a number of rearrangements occur at the TFR dimer interface. Specifically, binding of hTF causes two Trp residues from the helical domain of one TFR monomer (Trp641 and 740) to undergo significant changes in packing with the other TFR monomer. Thus, Trp641 shifts from interacting with the side chain of Phe316 to interact with the backbones of Asn317 and His318. Trp740 changes from backbone packing and a carbonyl hydrogen bond with Pro314 to hydrogen bonding with the backbone of Gly469 and π-stacking with Phe316, and His318 and Tyr470.
As in the HFE/TFR structure, binding of hTF causes a rotation along the TFR dimer interface bringing four histidines (His475 in the protease-like domain and His684 in the helical domain from each TFR monomer) into proximity (Fig. S3 ). The formation of this histidine cluster is another significant change in the TFR structure as a result of hTF binding (Fig. 5 , designated TFR-TFR′ interface). Other changes are observed in the regions of the TFR involved in binding the various hTF motifs. Additionally, we suggest that conformational changes near residue Trp528 in Fig. 3 . hTF C1-TFR interaction motif (see Table S1 ). (A) Residues in the C1 subdomain that contact the TFR are in purple. The space filling representation of the C1 motif emphasizes the predominant van der Waals and packing interactions. The carbonyl oxygen of Gly617 in hTF could hydrogen bond with the ϵ-nitrogen of Arg629 of the TFR (omitted for clarity). Note that critical hTF residue His349 is also not depicted in this representation for enhanced clarity, but is clearly shown in Fig. 4 . (B) Comparison of hTF and HFE (22) interactions with TFR αIII-1 and αIII-3 (brown). Secondary structural elements of the C1 subdomain (helix α-1 and strand β-2) that interact with TFR αIII-1 and αIII-3 are shown in purple (as in A). HFE secondary structural elements (helices α-1 and α-2) that interact with TFR αIII-1 and αIII-3 are shown in cyan.
the TFR are attributable to its proximity to the bridge between the N and C lobes of hTF.
Metal Binding Site in the TFR. The interface between the apical domain and the protease-like domain features a metal ion with octahedral coordination involving residues Thr310, Phe313, Glu465, and Glu468. Although significant anomalous scattering is atypical of occupancy by Ca 2þ or Mg 2þ (Fig. S4) , analysis of our recombinant TFR by inductively coupled plasma-mass spectrometry (ICP-MS) revealed the presence of a single Ca 2þ per monomer.
The N1 and C1 Motifs Remain Attached Throughout the Endocytic Cycle. The N1 and C1 subdomains are directly connected by a seven residue bridge (332-338) that joins the lobes of hTF. Leastsquares superposition of the Fe 2 rabbit TF structure onto the Fe N hTF from our structure indicates that the position of the N1 and C1 subdomains of hTF, relative to each other, does not appear to change as a function of iron status of the C lobe (Fig. S5) . Likewise, superposition of the apohTF structure onto the Fe N hTF from our structure indicates that the position of the N1 and C1 subdomains of hTF, relative to each other, does not appear to change as a function of iron status of the N lobe. In addition to multiple interactions of the N1 and C1 subdomains with αIII-3 in the TFR, a salt bridge between Arg308 (N1) and Asp376 (C1) observed in all three structures (Fe N hTF from our structure, Fe 2 rabbit TF and apohTF) may help maintain their orientation relative to each other.
The Bridge Between the N and C Lobes. Of probable functional relevance, the position of the seven amino acid bridge between the N1 and C1 subdomains in our structure and the bridge in the Fe 2 rabbit TF structure is very similar; in contrast, the bridge in the apohTF structure is in a very different orientation, implying that the loss of iron from the N lobe results in movement of the bridge residues.
Discussion
The crystal structure of the Fe N hTF∕TFR complex in combination with previous structures suggests a mechanistic basis for the kinetic differences in iron release from each lobe of hTF in the presence of the TFR. The structure of the complex clearly shows that the TFR is altered by hTF binding. The relative positions of the N1 and C1 subdomains of hTF appear to remain constant throughout the cycle, indicating that the N2 and C2 subdomains must move to accommodate the approximately 50°cleft opening and the release of iron from each lobe. Moreover, some insight into how apohTF is stabilized by and remains bound to the TFR throughout the endocytic cycle is provided.
Conformational Changes in TFR Induced by hTF Binding. A crucial finding is that Fe N hTF binding at pH 7.4 repositions the TFR domains within each monomer, priming the TFR homodimer to undergo movements when the hTF/TFR complex encounters endosomal pH. Specifically, and as observed for the binding of HFE (22) , binding of hTF to each TFR monomer causes a rotation at the dimer interface that brings four histidines (His475 in each protease-like domain and His684 in each helical domain) into proximity (Fig. S3) . We suggest that binding of two hTF molecules is probably required to fully prime the TFR dimer. As previously suggested (22) , endosomal pH triggers a chain reaction at the TFR dimer interface. Specifically, protonation of the histidine cluster would result in movement of the TFR, perturbing (but not severing) the interaction with bound hTF. This histidine cluster would be sensitive to pH changes that occur within the endosome; however, its location deep within the TFR dimer interface might restrict direct solvent access. We suggest that nearby solvent accessible Arg680 could serve as a proton shuttle from the endosomal milieu to the histidine cluster to circumvent this restriction. Because the N1 and C1 subdomains both remain bound to the same TFR helix (αIII-3), even a small pH-induced movement of the TFR could impact the stability of the iron binding cleft within each lobe. As detailed below, other elements in each lobe are simultaneously undergoing pH-induced changes that promote iron release. In contrast, protonation of both the TFR and HFE histidine residues completely disrupts the HFE/ TFR interaction below pH 6.0 (22). (Table S2) , and the C1 subdomain (purple) of hTF. (A) Our crystal structure of TFR in complex with Fe N hTF. The maps shown are for the anomalous difference Fourier for the data collected at 0.98 Å contoured at 3 sigma (red) and a simulated annealing composite omit map at 1 sigma (blue). (B) Overlay of A (darker shades) and the cryo-EM complex (1SUV) (24) after least-squares superposition using the TFR molecule (chain A). Secondary structural elements are labeled for clarity. Note that orientation has changed relative to Fig. 1 , such that the cell surface is at the top. The Ca 2þ bound within the apical domain of each TFR monomer is shown in yellow. (Inset) The table shows the mean rms for both chains of the TFR dimer after superposition of the single chain. P, A, and H refer to the protease-like, apical, and helical domains of the TFR, respectively.
Significantly, binding of hTF causes surface exposed His318 in the apical domain of each TFR subunit to flip into the intersection formed by the two TFR monomers and the C1 subdomain of hTF; His318 moves nearly 18 Å relative to the unliganded TFR structure (see below). Collectively, this region of the TFR influences both protein stability and iron release from hTF. The adverse affect of the N317D TFR mutant on expression level and iron release support its importance (29) .
Kinetics of Iron Release from Each Lobe of hTF. Accurately describing the mechanism of iron release from each lobe has been challenging due to the number of variables (the TFR, endosomal pH, a chelator, salt, and cooperativity between lobes). We have recently reported a complete set of kinetic rate constants for conformational changes and iron release from hTF at pH 5.6 (AE TFR) using an array of recombinant hTF constructs (19) . Kinetic studies from Fe 2 hTF at pH 5.6 (with EDTA as chelator) in the absence of the TFR indicate that 96% of the time iron is released quickly from the N lobe (17.7 min −1 ), followed by slow release from the C lobe (0.65 min −1 ) (Fig. S2A) (19) . Additionally, in the absence of the TFR there is clearly cooperativity between the two lobes of hTF. Specifically, iron release from the N lobe is sensitive to the C lobe (although the reverse is not true) (19, 30) . Fitting of the kinetic data from the Fe 2 hTF∕TFR complex has allowed us to estimate that approximately 65% of the time iron is released first from the C lobe (k 1C ¼ 5.5 min −1 ) and 35% of the time from the N lobe first (k 1N ¼ 2.8 min −1 ) (19) (Fig. S2B) . Together with previous TF structures, the present Fe N hTF∕TFR structure provides insights that help to explain the kinetic behavior of each lobe of hTF.
Iron Release from the C Lobe. Iron release from the C lobe of hTF in the absence of the TFR is extremely slow and unaffected by the N lobe (18) . The C lobe features a triad of residues (Lys534-Arg632-Asp634) that appears to control the rate constant of iron release in the absence of the TFR (31, 32) . Iron release from the C lobe in the presence of the TFR proceeds by a different mechanism and is 7-to 11-fold faster than in the absence of the TFR (19) . Recent studies have demonstrated that iron release from the C lobe is dictated by His349, but only when hTF is bound to the TFR (28) . Based on the cryo-EM structure, it was predicted that a hydrophobic patch (TFR residues Trp641 and Phe760) interacts with His349 and stimulates iron release by stabilizing the apohTF/ TFR complex (27) . Because of the 5-Å shift of helix α-1 of the C lobe in our structure, His349 actually lies in the intersection formed between the two TFR monomers and the C1 subdomain of hTF and is positioned to interact with several C-terminal residues (Asp757-Phe760) of the TFR (but not with Trp641).
The critical role of His349 as the driving force of TFR stimulated iron release from the C lobe is clearly demonstrated by the newly determined kinetics of iron removal from the H349A mutant in the Fe 2 hTF∕TFR complex whereby the rate constant for iron removal from the C lobe is reduced 12-fold (k 2C ¼ 7.2 versus 0.61 min −1 ). In contrast to the Fe 2 hTF∕TFR control, which requires that both pathways be included in the fit, the data for the H349A mutant fit only to the single upper pathway (N lobe followed by the C lobe) (Fig. S2) . Interestingly, the rate constant for iron release (k 2C ¼ 0.61 AE 0.02 min −1 ) from the C lobe of the H349A Fe 2 hTF∕TFR complex is essentially identical to the rate constant of k 2C ¼ 0.65 AE 0.06 min −1 for iron release from the C lobe of Fe 2 hTF in the absence of the TFR (Fig. S2A) . We suggest that, in wild-type hTF, protonation of His349 at pH 5.6 converts a weak hydrophobic interaction with Phe760 at the C terminus of the TFR into either a stronger cation-π interaction with Phe760 or a salt bridge with Asp757, causing a conformational change in the C lobe and accelerating iron release from this lobe.
Iron Release from the N Lobe. In the absence of the TFR, iron release from the N lobe relies on protonation of a pair of lysines (Lys206 and Lys296 referred to as the dilysine trigger) on opposing sides of the binding cleft that form a hydrogen bond at neutral pH and literally trigger cleft opening at endosomal pH (33) . The release of iron from the N lobe is further accelerated by binding of anions to Arg143, a recently identified kinetically significant anion binding (KISAB) site in the PRKP loop in the N2 subdomain (34) . Attachment of both the N1 and N2 subdomains to the TFR limits access to this KISAB site, hinders cleft opening, and results in a rate of iron release that is 6-to 15-fold slower than in the absence of the TFR (19) . Given that the N1 and C1 subdomains maintain their positions relative to each other in both the Fe 2 rabbit TF and apohTF structures, the N2 subdomain must disengage from the TFR to allow the cleft to open. We suggest that a pH-induced movement of the TFR may help destabilize binding of the N2 subdomain, which is relatively weak. Rearrangement of the PRKP loop in the N lobe then pulls the N2 subdomain away from the TFR allowing the cleft to open and release of iron.
Stabilization of the apohTF/TFR Complex. The return of apohTF to the cell surface is a distinctive feature of the endocytic cycle. Therefore, release of iron from each lobe of the hTF/TFR complex must be effectively balanced with stabilization of the apo complex. The significant conformational changes associated with cleft opening and iron release from each lobe must be accommodated. The Fe N hTF∕TFR structure provides a molecular basis for the stabilization motifs within each lobe. Although some details of the interactions of the N1 and C1 subdomains with the TFR may change during the endocytic cycle, many of the interactions within these two binding motifs are probably preserved (Table S1) ; studies showing that mutation of TFR residues Asn629, Gly647, Phe650, or Arg651 affected binding of both Fe 2 hTF and apohTF are consistent with this idea (25) . In the C lobe, additional stabilization of the apo conformation is imparted by protonation of the two histidine residues (His349 and His318) at endosomal pH, which strengthens this region through potential cation-π interactions with Phe760 and Trp641 of the TFR, respectively. The unanticipated movement of His318 provides additional detail as to how the C1 subdomain remains bound to the TFR throughout the endocytic cycle. As revealed by the apohTF structure (4), the apo conformation of the N lobe is secured by a salt bridge between Asp240 in the N2 subdomain and Arg678 in the C1 subdomain. Additionally, the PRKP loop is connected to the bridge between the N1 and C1 subdomains by a disulfide bond between Cys137 in the N2 subdomain and Cys331 in the N1 subdomain. Significantly, in the apohTF structure, movement of the PRKP loop and the disulfide bond (Cys137-Cys331) repositions the bridge bringing it closer to the protease-like domain of the TFR to possibly further stabilize the apo conformation in a pH-dependent manner.
In conclusion, the crystal structure of the Fe N hTF∕TFR complex at neutral pH reveals a number of unique aspects of this dynamic system, allowing a more accurate description of the interactions that control iron release from each lobe in the presence of the TFR. Obviously, a single, static crystal structure cannot provide absolute temporal resolution, as multiple events are occurring nearly simultaneously as the pH surrounding the Fe 2 hTF∕TFR complex changes during endocytosis. Nevertheless, the functional significance of the induced conformational changes in the TFR structure is evidenced by its direct participation in promoting iron release from the C lobe and hindering it from the N lobe. The structure advances our understanding of the important interactions, the role of the TFR, and provides previously undescribed information to drive future work.
Materials and Methods
Production and Purification of Fe N hTF and the Soluble Portion of the TFR. Recombinant nonglycosylated monoferric hTF, designated Fe N hTF, contains mutations preventing iron acquisition by the C lobe (Y426F/Y517F) and glycosylation (N413D and N611D) and is produced in a BHK cell expression system (35) . Likewise, the glycosylated ectodomain of the TFR (residues 121-760) is produced and secreted into the tissue culture medium of transfected BHK cells (29) . Both constructs contain a 6X-His tag at the N terminus, followed by a factor Xa cleavage site (IEGR), and are purified from the medium using nickel affinity chromatography followed by gel filtration. The homogeneity of each preparation is evaluated by SDS-PAGE. The histidine tags have not been removed from either construct.
The hTF/TFR complex is formed in the presence of excess Fe N hTF and isolated by passage over a Sephacryl S300HR gel filtration column (15) . Following concentration to 20 mg∕mL in 100 mM NH 4 HCO 3 , crystals are grown at 20°C by the hanging drop vapor diffusion method. The protein solution is mixed at a 2 to 1 ratio with reservoir solution containing 100 mM Hepes pH 7.5, 4-6% PEG 3350, 200 mM MgCl 2 , and 5-20% 1,2-propanediol. Pale pink crystals with dimensions from 50 to approximately 500 μm developed in 1 to 10 d.
Data Processing, Structure Solution, and Refinement. Integration of diffraction images and data scaling were performed using HKL2000 (36) . Molecular replacement solutions were found using Phaser (37) within CCP4 version 6.2 (38) and utilized TFR monomer (PDB ID code 1CX8) (12) , the hTF N-lobe (PDB ID code 1A8E) (39) , and C1/C2 subdomains of apohTF (PDB ID code 2HAU) (4) as search models (Table S3) . A clear molecular replacement solution for two TFR monomers was found with P4 3 22 as the space group, each forming the biological TFR homodimer with a symmetry mate. As shown in Table S4 , three independent models of Fe N hTF in the complex were generated using datasets derived from multiple crystallization and cryoprotection conditions and contain most of the N1, N2 and the C1 subdomains. Preliminary solutions were improved by rigid body refinement with Refmac5.5 (40) using the N lobe and C1 subdomain solutions as well as the three domains of the ectodomain of the TFR. Structure refinement was performed with Crystallography and NMR System (CNS) (41) version 1.2 and model building using Coot (42) . A single Fe 3þ and the synergistic carbonate were clearly observed in each Fe N hTF (Fig. S4) . No density was observed for the 6X-His tag, the factor Xa cleavage site, or the first two to three residues of the N terminus. The final model of each TFR in the complex contained residues 121-758 with three N-linked glycans at Asn251, 317, and 727 each fitted with a single N-acetylglucosamine moiety. Because the carbohydrate composition for BHK expressed TFR is unknown, the remaining density could not be unambiguously built. Again no density for the 6X-His tag and the factor Xa cleavage site at the N terminus of this construct was observed in the model of the TFR. The model derived from the 3.22-Å data was refined to an R factor of 27.2% (R free of 31.4%) with 99.5% in the preferred and allowed regions of the Ramachandran plot and 0.1% outliers (Table S4) . 
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Crystallization and Cryoprotection. Although it was possible to obtain very large crystals (approximately 500 μm) of the Fe N hTF∕sTFR complex that diffracted to approximately 3.6 Å at room temperature (RT), extensive trials to cryoprotect these crystals provided no significant improvement in resolution. We note that even though the crystals tolerated a number of additives within the reservoir and during soaking procedures, the most effective additive and cryoprotectant was 1,2-propanediol. Highpressure cryocooling was explored at MacCHESS and was successful in cryoprotection at 10% 1,2-propanediol, but led to no improvement in resolution. We suggest that the challenges related to cryoprotection and diffraction can be attributed to the 68% solvent content and the crystal packing (Fig. S1 ). Stronger electron density and lower B factors are observed for the A-C biological unit, which is continuous with the crystal lattice. In contrast, weaker density is found for chain D of the N lobe, which is completely exposed to the solvent channel. The lack of density for the C2 subdomain is attributed to the lack of iron in the C lobe of our Fe N hTF construct and to its location in the solvent channel.
Data Collection. The first of three approaches utilized smaller crystals (100-200 μm) grown in 20% 1,2-propanediol and cryocooled by direct addition to liquid nitrogen. Using a Rigaku rotating copper anode and Mar345 image plate detector at a temperature of 104 K, data were collected on a single crystal. A second approach utilized medium-sized crystals (150-300 μm) grown in 10% 1,2-propanediol. Cryoprotection was achieved by a three-step transfer into 1,2-propanediol to a final concentration of 20% and an increase to 8% PEG 3350. Soaks were 60 and 120 s in duration depending on crystal size. Again, cryocooling involved direct addition to liquid nitrogen. Data collection took place at the Brookhaven National Laboratory National Synchrotron Light Source (BNL-NSLS) on beamline X25A using an Area Detector Systems Corporation (ADSC) quantum 315 CCD detector at 100 K. A third approach involved room temperature data collection (approximately 295 K) using the largest crystals (250-500 μm) grown in 5 to 10% 1,2-propanediol. Crystals were mounted using the MiTeGen MicroRT system (cryoloop with base covered by a plastic capillary), and data were collected at the Cornell High Energy Synchrotron Source (MacCHESS) on beamline F2 using an ADSC quantum 210 CCD detector. Crystals produced from 3 to 15 images (1.5 to 7.5 degrees of rotation) prior to significant loss in diffraction.
Data Processing and Structure Determination. Statistics for the three different datasets are presented in Table S4 and were processed using HKL2000 (1). Data from a single crystal collected on a rotating anode at 104 K were scaled to 3.32 Å with 97% completeness (Table S4 , column 1). Data from two different crystals were merged to produce a 3.22 Å, 100% complete scaled dataset from those collected at BNL-NSLS at 100 K. The cross R factor was calculated to be 6.6% between these two crystals and the Friedel R factor on intensity improved from 6.5% and 7.6% individually to 5.3% upon merging (Table S4 , column 2). The data collected at RT required 20 crystals to generate a dataset at 3.25 Å (99.8% complete). The cross R factor between the two cryocooled methods was 25.5% on intensity and 36% between cryocooled and room temperature.
Model Building and Structure Refinement. Initial refinement of the Fe N hTF∕sTFR complex was performed using noncrystallographic symmetry (NCS) restraints for the transferrin receptor (TFR) and the C1 subdomain of human serum transferrin (hTF) but not the N lobe of hTF. The reason for this became apparent during refinement. Specifically, the N lobe for the second assembly (chain D) showed considerably weaker density than its nonsymmetry counterpart (chain C), particularly in the N2 subdomain, whereas the C1 subdomain densities were quite similar. One to five residues within the bridge (residues 332-338) between the N and C lobes are disordered and vary between the three structures. Surprisingly, chain D from the home source data collection displayed the most complete density for the bridge.
The space group was determined to be either P4 1 22 or P4 3 22. Anticipating a 1∶1 ratio of hTF to TFR monomer, Matthews coefficient (Vm) calculations suggested two possibilities. The first option was for an asymmetric unit containing three of each molecule with a Vm of 2.43 and solvent content of 49%. The second option contained two of each molecule with a Vm of 3.64 and solvent content of 68%. Clear molecular replacement solutions for only two TFR monomers were found with P4 3 22 as the space group, each forming the biological TFR dimer with a symmetry mate. Solutions for domains of two hTF molecules, N lobe and C1 subdomains, could also be found, but as summarized in Table S4, varied depending on the data collection method. Density that was apparent for missing areas of the N lobe or C1 subdomain could be placed manually by least-squares superposition of a related molecule placed by Phaser (2). The electron density was not sufficient to place the C2 subdomain in any of the structures. Some discontinuous density was observed at the predicted C1-C2 interface in contact with the C-terminal helix of hTF (654-666) for the cryocooled structures, but model building was not possible. This likely explains the small increase in R factors for these structures when compared to the structure collected at RT. Final refinement using Crystallography and NMR System (CNS) 1.2 (3) was performed using grouped rather than individual B-factor refinement without NCS restraints. The structures contain two TFR and two hTF (N lobe + C1) per asymmetric unit, which represent two half-biological units. The biological unit forms across the twofold symmetry axes along each TFR monomer. Chain A (TFR) is associated with chain C (hTF) and assembly occurs via symmetry related chain A. Likewise, chain B and chain D form a separate biological assembly with a symmetry mate. The crystal packing and domain B factors are shown in Fig. S1 . The second hTF molecule (chain D) is completely exposed to the large solvent channel and shows the high domain B factors. Models were validated using CNS, Procheck, and MolProbity with <0.2% in the disallowed regions of the Ramachandran plot. Residues within hTF, which often reside in less favorable regions, include the conserved reverse γ-turn (Leu-Leu-Phe), as well as Cys339, which participates in the first disulfide bond of the hTF C lobe.
Measuring the Kinetics of Iron Release. Iron release from Fe 2 hTF and the H349A Fe 2 hTF mutant was monitored at 25°C as previously described using an Applied Photophysics SX.20MV stopped-flow spectrofluorimeter (4) . One syringe contains hTF/sTFR complex (375 nM) in 300 mM KCl, and the other syringe is filled with MES buffer (200 mM, pH 5.6), KCl (300 mM), and EDTA (8 mM). Rate constants were determined by fitting the change in fluorescence intensity versus time using Origin software (version 7.5) to standard models. As described in detail previously (4), a combination of urea gel and stopped-flow analysis of various hTF constructs has allowed us to assign specific rate constants to either conformational changes or iron release. 
